INTRODUCTION {#SEC1}
============

MicroRNAs confer robustness to biological systems, buffering against stochastic fluctuations and transcriptional noise ([@B1]), fine-tuning gene expression and acting as agents to promote phenotypic switching between mutually exclusive cell states ([@B5]). Fundamental to these functions are the close interplay with transcription factors (TFs), with which they form network motifs that integrate transcriptional and post-transcriptional signals, such as feedback loops (where the expression of a miRNA and a TF are directly dependent upon one another) and feedforward loops (where at least one input TF or miRNA regulates the other and where both jointly regulate shared target genes) ([@B6]). Such motifs are over-represented within the architectures of mammalian regulatory networks ([@B9]). Due to the importance and abundance of feedforward and feedback motifs, several databases and predictive tools have been developed to identify them ([@B8],[@B12]), with each predicting TF:miRNA:target interactions, then matching these predictions to gene expression changes within the transcriptomic milieu of cells. However, the many levels of gene regulation obscure the relative importance of the transcriptional and post-transcriptional mechanisms---and thus the direct and indirect roles played by individual TFs and miRNAs.

One biologically important process that is controlled by complex interactions between TFs and miRNAs is epithelial--mesenchymal transition (EMT), a reversible phenotypic switch that underlies normal processes such as gastrulation, neural crest delamination and wound healing, and pathologies, including fibrosis, metastasis and chemoresistance ([@B18]). Under the influence of multiple signalling pathways, EMT-inducing TFs (including members of the Zeb, Snail and Twist families) directly or indirectly repress epithelial genes such as E-cadherin which is a hallmark of the epithelial phenotype. The expression of these TFs are controlled through feedback interactions with miRNAs such as those of the miR-200 and miR-34 families, whose expression both facilitate stable epithelial or mesenchymal phenotypes, and permit the existence of a partial EMT state that is hypothesised to play a role in metastasis ([@B19]).

In order to uncover the roles played by miRNAs and miRNA:TF regulatory loops in EMT, we used a bioinformatics technique known as EISA (Exon--Intron Split Analysis), which delineates transcriptional and post-transcriptional regulation of mRNA through the separate analysis of sequencing reads mapping to exons and introns ([@B22]). Changes in the abundance of intron-mapping reads (ΔI) reflect altered rates of transcription, whilst the difference in the abundance of reads mapping to exons minus the abundance of reads mapping to introns (ΔE -- ΔI) reflects the post-transcriptional regulation of mRNA stability, much of which is due to miRNAs and is further augmented at the level of translation.

By using EISA to help identify direct post-transcriptional targets of miR-200c, an epithelial-promoting miRNA, we found (and verified) an over-representation of transcripts whose products act downstream of the Epidermal Growth Factor Receptor (EGFR), implying co-ordinated suppression of this mesenchymal-promoting signalling pathway. This however only represented a small portion of miR-200c responsive genes, with the majority being transcriptionally upregulated, most likely a downstream effect of miR-200c directly targeting transcriptional repressors such as, but not limited to, ZEB family members. Importantly, transcriptionally upregulated genes were highly enriched for functionality in EMT-associated processes such as maintenance of cell-cell junctions, cell adhesion and extracellular matrix organisation, suggesting that the enactment of biological effects by miRNAs includes a significant, and often overlooked, contribution by indirect targets at the transcriptional level. We find extensive transcriptional effects are observed for other miRNAs, suggesting that widespread, co-ordinated regulation of biological processes across different gene regulatory layers is common, despite transcription and miRNA-directed mRNA stability being physically de-coupled as they occur in separate cellular compartments. More generally, this work highlights the need to consider the 'indirect' effects of miRNAs on transcription that the examination of direct targets alone fail to capture and supports EISA as a useful tool to help delineate such gene regulatory processes.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture and transfection {#SEC2-1}
-----------------------------

HMLE cells ([@B23]) were cultured in HuMEC Ready Media (ThermoFisher) and induced to undergo EMT by transferring to DMEM:F12 media (1:1) supplemented with 10 lg/ml insulin, 20 ng/ml EGF, 0.5 lg/ml hydrocortisone and 5% fetal calf serum (FCS) and treating with 2.5 ng/ml of TGF-β1 (R&D) for at least 14 days. MesHMLE cells, which are derived from HMLE from prolonged treatment with TGF-β1, were maintained in EMT-inducing media without additional TGF-β1. MDCK cells were grown in DMEM + 10% FCS. MesHMLE cells were reverted toward an epithelial state by transfection with 20 nM miR-200c precursor (mirVana miRNA mimics; Ambion) for 72 h using Lipofectamine RNAiMAX (ThermoFisher). miR-200c antagomiRs (100nM, Ambion) were transfected into HMLE cells for 72 h and into MDCK cells every 3 days for a total of 9 days prior to lysis.

Luciferase assay {#SEC2-2}
----------------

Target 3′UTRs were cloned downstream of Renilla luciferase in the pRL vector (Promega). Assays were performed co-transfecting 10 ng RL construct, 10 ng of the pGL3 (Promega) internal control and 10 nM miR-200c (or matched negative control) into wells (24-well tray) containing ∼35 000 cells using Lipofectamine 2000 (ThermoFisher). Twenty four hours post-transfection, cells were lysed and luciferase activity determined using the Twin Luciferase Reporter Assay kit (Biotool). A ratio of Renilla/Firefly luminescence intensity was used to calculate the relative luciferase expression activity.

EGF stimulation and western blotting {#SEC2-3}
------------------------------------

Cells were transfected with 10 nM control or miR-200c mimics as previously described for 72 h, then starved in unsupplemented DMEM:F12 media for 6 hours prior to stimulation with 20 ng/ml EGF for 15 min. Cells were then lysed in RIPA buffer (Abcam) to which protease and phosphatase inhibitor cocktails (Roche) were added. Proteins were separated by electrophoresis, transferred to nitrocellulose and blocked with odyssey blocking buffer for 1 h prior to overnight incubation with the following antibodies (at 1:1000 dilution): MEK1/2 (CSL, \#8727), pMEK1/2 (CSL, \#9154S), ERK1/2 (CSL, \#4696S), pERK1/2 (CSL, \#9101S), AKT (CSL, \#2920S), pAKT (CSL, \#4056SO, EGFR (CSL, \#4267S), pEGFR (CSL, \#4407S) and a-tubulin (Santa Cruz, \#E0415). Blots were then washed 3 × 5 min with TBS-Tween and incubated with secondary antibodies (1:20 000 dilution): Goat anti-rabbit 680 (red) (Millennium, \#926-68071), Goat anti-mouse 800 (green) (Millennium, \#926-32210), Goat anti-rabbit 800 (green) (Millennium, \#926-32211).

Chromatin modification ChIP analysis {#SEC2-4}
------------------------------------

ChIP assays were performed as described in, except for the use of a probe sonicator instead of a BioRupror. Probe was set to 35% intensity for 20 × 30 s sonication/rest cycles. Antibodies used are as follows: H3K4me3 (Abcam, \#ab8580), H3K9/14ac (Millipore, \#06-599), H3K27ac (Millipore, \#17-683), H3K27me3 (Abcam, \#ab6002).

Read processing and alignment {#SEC2-5}
-----------------------------

For EISA analysis, raw reads were adapter trimmed and filtered using cutadapt v1.8 ([@B24]), and for the resulting FASTQ files quality checks were performed with FastQC(<https://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Filtered reads were mapped against the human reference genome (build hg19) using the STAR (v2.5.3a) spliced alignment algorithm ([@B25]) with default parameters. Alignments were visualized and interrogated using the Integrative Genomics Viewer v2.3.80 ([@B26]).

Exon--Intron Split Analysis {#SEC2-6}
---------------------------

EISA analysis was performed essentially as described in ([@B22]). Briefly, we used only non-overlapping genes and uniquely mapped reads to quantify the number of reads in intronic and exonic regions in a strand-specific manner for all UCSC RefSeq mRNA transcripts from each gene. Read pairs were 'exonic' if the 5′ end of the first read was mapped within an exon of any UCSC transcript or 'intronic' if the first read mapped entirely within an intron and not within 10 bp of an exon. The custom python script used to obtain counts of reads mapping to introns and exons was based on the pyreference package (<https://bitbucket.org/sacgf/pyreference>), and is described in ([@B27]), the script 'cursons_bam_get_eisa_counts.py' and usage instructions are available from the associated Github repository <https://github.com/DavisLaboratory/Combinatorial_miRNAs>). Statistical analysis of read counts was performed using R scripts based on those in ([@B22]), using the EdgeR ([@B28]) and limma ([@B29]).

Post-EISA analyses {#SEC2-7}
------------------

To describe the transcriptional/post-transcriptional effect of an experimental condition we devised the following metric to measure the relative contribution of each component. We considered each gene on the axes (*x*,*y*) = (ΔI, ΔE -- ΔI). Genes were thresholded by (*x* + *y* \> 1) to include only differentially expressed genes in the metric. The post-transcriptional contribution to differential expression is defined as the fraction of these genes with absolute post-transcriptional change abs (ΔE -- ΔI) greater than the absolute transcriptional change abs(ΔI). Conversely, the transcriptional contribution is the fraction of these genes with absolute transcriptional change abs(VI) greater than the absolute transcriptional change abs (ΔE -- ΔI).

Sequence read downsampling analysis {#SEC2-8}
-----------------------------------

Raw data were processed as outlined above however, prior to mapping, samples were down-sampled to seven different depths to simulate various sequencing depths. Six HMLE and four mesHMLE samples all containing more than 60 million reads were down-sampled to 60, 50, 40, 30, 20, 10 and 5 million reads. Down-sampled samples were then aligned and EISA performed as above.

Datasets {#SEC2-9}
--------

The datasets for miR-200c transfection of MesHMLE cells with TGF-β were prepared previously as described in ([@B30]) and ([@B31]), respectively and the raw data obtained from the European Nucleotide Archive under the accessions provided in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. For public datasets, raw fastq files were downloaded from repositories using the accessions supplied in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Transcription factor target genes obtained from MACS peak calling of ChIP-Seq data (Figure [3E](#F3){ref-type="fig"}) were obtained from the Gene Transcription and Regulation Database (GTRD) ([@B32]). The enrichment of binding sites among genes that are transcriptionally upregulated after miR-200c expression (Figure [3C](#F3){ref-type="fig"}) was determined using the cytoscape plug-in, iRegulon ([@B33],[@B34]), which calculates enrichment scores among 181 different transcription factors assessed by the ENCODE consortium ([@B34]).

Histone mark ChIP-seq data processing {#SEC2-10}
-------------------------------------

ChIP-seq libraries were prepared for trimethyl histone H3K4 (ab8580; Abcam), acetyl histone H3K9/14, acetyl histone H3K27 and trimethyl histone H3K27 and 10% input samples for both HMLE and MesHMLE cells as described in ([@B31]). Peak calling was performed using MACS (v1.4.2) ([@B35]) using sizeshift parameters of between 150 and 163 (equal to half the average fragment size as determined using Bioanalyzer), setting the nomodel parameter and otherwise default parameters. Alignment files and MACS peak files were converted to bed format and used as input for MAnorm (R version) ([@B36]) which normalised peak data and determined differential peak enrichment (MA norm 'M' values) between HMLE and MesHMLE samples for each histone modification mark (supplying the average fragment size for each sample as described for above). The peak-centric MAnorm output was converted to gene-centric format as follows: for each gene, an *M*-value was calculated from the peaks overlapping the promoter (1kb up- and down-stream of the transcriptional start site) as: 0 if no peaks overlapped the promoter, if one peak overlaps, then the *M*-value of that peak was used, if two or more peaks overlap then the *M*-value of the largest peak (i.e. with the greatest *A*-value) was used. The resulting *M*-value for each gene represented the log~2~ fold-change in histone modification in the promoter of that gene between HMLE and MesHMLE cells and was plotted on the *y*-axis ('relative enrichment') for the ChIP-seq figures.

RESULTS {#SEC3}
=======

EISA successfully differentiates transcriptional and post-transcriptional gene regulation {#SEC3-1}
-----------------------------------------------------------------------------------------

In an effort to better understand the contributions of miRNAs and miRNA-TF regulatory loops within EMT, we first sought to evaluate the capacity of EISA to differentiate between gene regulatory mechanisms within RNA-sequencing data. To do so, we initially compared concordance between the change in abundance of intronic reads (ΔI) with markers of active and inactive genes in human mammary epithelial cells (HMLEs), a cell model of EMT that can be driven toward a mesenchymal state (MesHMLE) through TGFβ exposure (Figure [1A](#F1){ref-type="fig"}). All histone marks were strongly correlated with the expression of genes that were indicated by EISA to be transcriptionally regulated (large ΔI). Conversely, markers of active and inactive genes showed little correlation with genes that were regulated post-transcriptionally (large ΔE -- ΔI, minimal ΔI, Figure [1B](#F1){ref-type="fig"}). Thus the EISA metric ΔI reliably indicates effects on gene transcription.

![EISA effectively delineates transcriptional and post-transcriptional gene regulation. (**A**) The top 5% up- and down-regulated genes were ranked according to the degree of transcriptional (ΔI) regulation after miR-200c-driven mesenchymal to epithelial transition. The relative enrichment of markers of active (H3K4me3, H3K9-14ac, H3K27ac -- green) and inactive (H3K27me3 -- red) chromatin from ChIP-Seq is shown for each gene in the plot. The red/green shading shows the mean of these measurements in a sliding window across 25 genes (plotting every 5th window). (**B**) As for (A), except that genes are ranked according to ΔE -- ΔI, and only for genes with little evidence of transcriptional regulation (ΔI \<0.5). (**C**) EISA was used to plot genes that are responsive to miR-200c on a ΔI:ΔE axis. Genes are coloured according to the strength of their direct miR-200c target (TargetScan) prediction; the deeper the red colour, the stronger the prediction. (**D**) Cumulative distribution of gene expression fold changes in response to miR-200c expression in MesHMLE cells as determined by (i) ΔExon, (ii) ΔExon-ΔIntron and (iii) ΔIntron (for genes with small ΔE -- ΔI \<0.5), genes are subcategorised according to whether they are predicted to contain miR-200c target site(s) of the specified length (6-8mers) and number (0 to \>3 sites). Pairwise Kolmogorov--Smirnov (K--S) statistical tests ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) demonstrate that genes possessing longer or more target sites are progressively more repressed after miR-200c expression when assessed by ΔExon or ΔExon-ΔIntron, but not ΔIntron. EISA (ΔExon -- ΔIntron) further enhances statistical significance compared to RNA-Seq (ΔExon).](gkz664fig1){#F1}

EISA can also aid the identification of direct miRNA targets from RNA-Seq by enriching for transcripts subject to post-transcriptional regulation ([@B22],[@B37]). Because the miR-200 family are prominent regulators of EMT and enforcers of the epithelial phenotype ([@B38]), we applied EISA analysis to RNA-seq data from mesHMLE cells transfected with miR-200c to evaluate the relative transcriptional and post-transcriptional effects. Plotting ΔE versus ΔI, we observed an enrichment in strongly predicted miR-200c targets for the most negative values of the post-transcriptional measure, ΔE -- ΔI (observed as deviation from the ΔE = ΔI line) (Figure [1C](#F1){ref-type="fig"}). Furthermore, excluding transcriptional changes (by using ΔE -- ΔI) better delineated the impact of predicted target binding site quality (seed match length and number of binding sites) than when transcriptional changes were not excluded (Figure [1](#F1){ref-type="fig"}Di,ii, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). As a control, we determined that for genes that were indicated by EISA to be solely regulated transcriptionally (Large ΔI, ΔE -- ΔI \<0.5, equivalent to approximately the least changeable 20% of genes) expression changes were unrelated to quality or number of predicted 3′UTR target sites (Figure [1D](#F1){ref-type="fig"},iii). Collectively, these data demonstrate that EISA successfully differentiates between transcriptional and post-transcriptional gene regulation.

To provide an indication of the sequencing depth required for EISA to be a useful adjunct to analysis, we examined the impact of sequencing depth by performing a down-sampling analysis on this dataset. For most datasets, the statistical power is limited by sequencing depth in intronic rather than exonic regions. Furthermore, we have found intron-mapping proportions vary between experiments and sample-preparation methods, making intronic read counts a more useful indicator than total read counts of the suitability and performance of a dataset for EISA. This analysis revealed the number of genes that can be determined as significantly differentially expressed via transcriptional or post-transcriptional regulation for a range of intron-mapping depths ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

miR-200c post-transcriptionally regulates the EGF signalling network {#SEC3-2}
--------------------------------------------------------------------

Given that EISA effectively differentiates between transcriptional and post-transcriptional regulation, we focused upon genes that were both strongly post-transcriptionally down-regulated in response to miR-200c and strongly predicted targets in order to identify the genes and processes that are directly regulated by miR-200c within the HMLE system. By examining the relationships between direct target genes using gene ontology, components of the EGFR signalling pathway were revealed to be the most strongly enriched, in addition to other ontologies that have well-established roles in EMT such as cell junction assembly (Figure [2A](#F2){ref-type="fig"}, Supplementary Data.xls). The majority of post-transcriptionally downregulated genes were predicted targets, with a higher overlap with predicted targets apparent for progressively more highly downregulated genes (Figure [2B](#F2){ref-type="fig"}). Closer examination revealed an abundance of targets whose gene products physically associate with the EGFR or that act within the AKT and ERK signalling pathways; many of which we validated using 3′UTR-luciferase reporter assays (Figure [2C](#F2){ref-type="fig"}, [D](#F2){ref-type="fig"}). This suggests direct multi-faceted regulation of EGF signalling by miR-200c which is consistent with the epithelial-enforcing role of miR-200 given that EGF itself is a promoter of EMT ([@B43]) and that miR-200 had previously been implicated in the regulation of EGF signalling through the regulation of such genes as PLCG1 ([@B46]) and the EGFR itself ([@B47]). Accordingly, miR-200c strongly suppressed the activation of ERK (and MEK upstream of ERK) in response to EGF (Figure [2E](#F2){ref-type="fig"}). AKT was not activated by EGF within mesHMLE cells, precluding the examination of miR-200 as an AKT regulator, though in other cell lines (such as SHEP cells) where AKT is EGF-responsive, miR-200 dampened the AKT activation response as well. In SHEP cells, it is the ERK activation pathway that is largely uncoupled from canonical EGFR signalling ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Collectively, these data establish that miR-200c, at least in part, mediates biological effects through the direct, post-transcriptional and multi-component regulation of EGF-responsive signalling pathways.

![miR-200c directly co-ordinately regulates an EGF signalling network. (**A**) Putative direct miR-200c target genes were defined as genes in the top 1000 of all negatively post-transcriptionally regulated genes (ΔE -- ΔI) that are also in the top 1000 of all predicted miR-200c targets (by TargetScan or microT-CDS). The 10 highest fold enrichments over background for the top ranking gene ontologies are indicated. Black columns represent alternate entries for the EGFR signalling pathway within the GoPanther Gene Ontology database. (**B**) Overlap between the 1000, 500 and 200 most post-transcriptionally downregulated genes in response to miR-200c and all miR-200c targets that are predicted by both the targetscan and microT-CDS algorithms. (**C**) 3′UTR-luciferase reporter assays for representative putative miR-200c targets within the EGF signalling network indicate multi-component targeting. Black bars indicate transfection of a control miRNA sequence. Gray bars indicate miR-200c co-transfection. Error bars represent standard deviation, \* denote significant (*P*\< 0.05) downregulation of the reporter in response to miR-200c as calculated by *t*-test. (**D**) Network representation of miR-200c target genes (shaded blue) within the signalling network downstream of the EGFR. Major signalling pathways leading to AKT (blue outline) and ERK (red outline) activation are adapted from KEGG pathway \#04012. Edges connecting nodes represent protein-protein interactions (PPI) from the Integrated Interactions Database (IID) that are supported by experimental evidence. Darker blue shading indicates targets that were more strongly suppressed in 3′UTR luciferase assays. (**E**) MesHMLE cells were stimulated with EGF and the activation of EGFR, AKT, MEK and ERK (or total protein) were assessed by western blotting in the presence or absence of miR-200c expression.](gkz664fig2){#F2}

The value of incorporating EISA into the study of miRNA-directed effects is shown by the increased significance of different seed-recognition elements among post-transcriptionally regulated genes (Figure [1D](#F1){ref-type="fig"}), and by the enrichment of pathways such as signalling downstream of the EGFR which are apparent after the incorporation of EISA into the analysis of miR-200c targets (Supplementary Data.xls), but that are otherwise masked by additional transcriptional effects in RNA-Seq.

miR-200c co-ordinates a transcriptional response that underlies Mesenchymal-Epithelial Transition {#SEC3-3}
-------------------------------------------------------------------------------------------------

Although the direct effects of miRNAs are exerted post-transcriptionally, such as the suppression of EGF signalling by miR-200c, many of the gene expression changes that occur during EMT/MET are in fact transcriptional, as indicated by the relative spread along the transcriptional (ΔI) and post-transcriptional (ΔE -- ΔI) axes (Figure [3](#F3){ref-type="fig"}Ai) during miR-200c-driven MET (Figure [1C](#F1){ref-type="fig"}; Figure [3](#F3){ref-type="fig"}Aii). Transcriptional effects are even more pronounced during TGF-β--driven EMT (Figure [3](#F3){ref-type="fig"}Aiii). Although the interplay between miRNAs and transcription factors (TFs) are well established, a prevailing focus of miRNA research remains the understanding of function through the assessment of direct targets. EISA however, indicates that many of the responses to miR-200c are indirect (transcriptional). To probe the significance of these transcriptional changes, gene ontology (molecular function) analyses were performed separately for transcriptionally (and post-transcriptionally) up- and down-regulated gene sets in mesHMLE cells responding to miR-200c and in HMLE cells responding to TGFβ. Strikingly for miR-200c, the transcriptionally up-regulated genes contained the most enriched gene ontological terms (Figure [3b](#F3){ref-type="fig"}, Supplementary Data.xls). Furthermore, the function of these genes are of obvious relevance to EMT/MET (cell--cell junction assembly and organisation), indicating miR-200c-mediated transcriptional regulation is a key mechanism through which miR-200c promotes an epithelial phenotype, and suggesting more widely that the functionality of miRNAs may best be understood through broadening analysis beyond direct targets. This enrichment of ontological terms is unique to upregulated genes; there were no enriched ontologies among the genes that were transcriptionally decreased. This is consistent with the de-repression of genes that would otherwise be suppressed by mesenchymal-enforcing transcriptional repressors such as Zeb1, itself a prominent and direct miR-200c target ([@B40]).

![miR-200c and TGFβ co-ordinate a largely transcriptional response during EMT/MET (**A**). (i) ΔE -- ΔI (post-transcription) was graphed against ΔI (transcription) to represent EISA-defined gene regulatory effects. Relative contributions of the two gene regulatory arms are shown after (ii) miR-200c expression in MesHMLE cells and (iii) TGFβ treatment of HMLEs. Red dots represent individual genes that were among the top 10% that were most regulated. The blacked out region represents the least changing 90% of genes. (**B**) Gene ontology (biological function) analyses were run on transcriptionally and post-transcriptionally up- and down-regulated genes in response to miR-200c and TGFβ. All ontologies with a fold enrichment over background \>2 are shown. Colours represent functionally-related terms. To minimise 'noisy' enrichment of lowly-populated GO terms, as well as reducing the representation of very large and non-specific GO terms, all indicated GO terms possessed between 20 and 1500 genes and contained at least 5 GO-mapping genes within the gene list being interrogated. (**C**) Among transcriptionally upregulated genes, binding sites for mesenchymal-promoting transcription factors such as Zeb1 are enriched among ENCODE ChIP-Seq data (iRegulon) ([@B33]). Each bar represents an individual ChIP-Seq dataset. (**D**) TFs that are candidates to mediate downstream transcriptional changes are shown with their relative degree of post-transcriptional downregulation by miR-200c (ΔE -- ΔI), the likelihood of their predicted targeting by miR-200c (TS) and the degree of their inversely correlated expression with miR-200c across breast cancer patients pooled from The Cancer Genome Atlas data (derived using CancerMiner ([@B100])). Panel on right indicates the (ΔE - ΔI) and TS ranking of each of these TFs among all genes and all TFs. The solid line represents the median distribution relative to all genes. Dashed lines indicate upper and lower quartile distributions. (**E**) Number of genes among the top 200 most transcriptionally up- or down-regulated after miR-200 expression that are also identified within the top 1000 MACS-ranked peaks in human TF ChIP-Seq data ([@B32]). The cell line in which each experiment was performed is indicated. (**F**) Model for the co-ordinated regulatory processes underlying EMT/MET. Line depth and colour indicates relative extent of gene ontology enrichment.](gkz664fig3){#F3}

The importance of ZEB1 as a mediator of miR-200c function is supported by the fact from among all of the ENCODE ChIP-Seq experiments, ZEB1 showed the greatest enrichment of protein binding in genes that were transcriptionally upregulated in response to miR-200c (Figure [3C](#F3){ref-type="fig"}). Although the miR-200:ZEB axis is a prominent regulator of EMT ([@B39],[@B41],[@B48]), ZEB1 alone is unlikely to fully account for the transcriptional response as almost three quarters of the genes that were transcriptionally upregulated in miR-200c expressing MesHMLE cells were not bound by ZEB1 within any of the three ENCODE ZEB1 ChIP-seq datasets (Supplementary Data.xls). Furthermore, the transcriptional controls of EMT are extensive ([@B49]) and less than 10% of all human transcriptional regulators are represented within ENCODE ChIP-Seq libraries. In order to suggest other candidate TFs that might co-mediate the miR-200c transcriptional response, we searched for TFs that were post-transcriptionally downregulated by miR-200c and that possess putative miR-200c binding sites within their 3′UTRs (top-ranking examples are shown in Figure [3D](#F3){ref-type="fig"}). TF target genes, derived from ChIP-Seq data for each of the TFs for which this was available ([@B32]), was then cross-referenced with the genes that were transcriptionally up- or down-regulated in response to miR-200 (Figure [3E](#F3){ref-type="fig"}). For the majority of TFs, which are mostly transcriptional repressors, TF targets are much more likely to be transcriptionally upregulated after miR-200 expression, consistent with the notion that multiple miR-200 regulated TFs suppress epithelial genes in a manner similar to Zeb. When comparing ontological enrichment between miR-200c expression (pro-MET) and TGF-β treatment (pro-EMT), it is noteworthy that there were more enriched ontologies for genes whose expressions are elevated in epithelial cells (upregulated by miR-200c or downregulated by TGF-β) and that the transcriptional arm of gene expression shows more evidence of co-ordinately regulating relevant functions than the post-transcriptional arm (Figure [3B](#F3){ref-type="fig"}). Nevertheless, both regulatory arms, and both miR-200c and TGF-β treatment, co-ordinate similar processes which have well established roles in the invasive aspects of EMT (cell-cell and cell-substrate interactions). In contrast, other aspects of EMT that are associated with collagen and the extracellular matrix (ECM), or with the epidermis (epidermal development, keratinisation and cornification), were uniquely associated with TGF-β (Figure [3B](#F3){ref-type="fig"}, [F](#F3){ref-type="fig"}). Again, collagen/ECM and epidermal regulation were driven by both gene-regulatory arms, though their absence after miR-200 expression suggests the failure of this single miRNA to fully recapitulate all aspects of EMT that are driven in response to a physiological EMT stimulus.

As the exogenous expression of miRNAs can lead to non-physiological effects, we sought to further confirm the importance of indirect transcriptional regulation through inhibition of endogenous miR-200. In epithelial HMLE cells ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}), we observe that miR-200 inhibition exerts broad transcriptional effects. These in large part mirror miR-200 expression, with miR-200 inhibition de-repressing many of the same transcription factors that were downregulated by miR-200, in turn leading to the transcriptional repression of cell-junction associated genes. As inhibition of endogenous miRNAs typically have muted phenotypic effects, and given the HMLE cell model is of limited plasticity (likely due to epigenetic modification), we also inhibited the miR-200 family over a longer time course in a more malleable MDCK (canine) cell model ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}) ([@B39],[@B41],[@B48]). Again, we note a strong transcriptional response to miR-200 inhibition and find, as with TGF-β treatment of HMLE cells (Figure [3](#F3){ref-type="fig"}), genes associated with cell junctions, epidermal differentiation, cell migration, the actin cytoskeleton and TGF-β signalling are all transcriptionally regulated. Interestingly, although key transcription factors such as ZEB, BNC2 and GLI3 were miR-200 responsive in both HMLE and MDCK cells, many of the TFs upregulated by miR-200 inhibition in MDCKs differed from the HMLE system ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Further, the responsive TFs in both HMLE and MDCK cells also largely differed from the EMT-regulatory TFs reported in NMuMg (mouse) cells ([@B49]). Of the TFs identified as likely contributing to the transcriptional response to miR-200c in MesHMLE cells, the expression of one-third are more strongly associated with mesenchymal expression across TCGA ([Supplementary Figure S4a](#sup1){ref-type="supplementary-material"}). BNC2, a TF previously associated with a mesenchymal breast cancer stem cell phenotype ([@B50]), is particularly strongly mesenchymal specific ([Supplementary Figure S4B--D](#sup1){ref-type="supplementary-material"}), and is consistently responsive to miR-200c perturbation across cell lines (Figure [3](#F3){ref-type="fig"}, [Supplementary Figures S2,S3](#sup1){ref-type="supplementary-material"}). Collectively, these data suggest a model whereby key EMT regulators (like the ZEBs) play a consistent driving role across different systems, but also one where the nature of the supporting / accessory TFs are cell context dependent.

Functionally significant transcriptional regulation is a widespread hallmark of miRNAs {#SEC3-4}
--------------------------------------------------------------------------------------

After miR-200c perturbation, both the magnitude of the transcriptional response and the functional relationships of the transcriptionally responsive genes, suggest that indirect actions of miRNAs are centrally important to function. Whilst the transcriptional effects that result from miR-200c perturbation are likely mediated via multiple TFs (Figure [3D](#F3){ref-type="fig"}), it is well established that there is a particularly strong relationship between miR-200 and ZEB which might suggest that such a prominent transcriptional response is atypical of other miRNAs. Alternately, the fact that miRNA:TF feedback motifs are relatively common in genetic networks ([@B8],[@B10],[@B13],[@B51]), and that the primary effect of Dicer knockout is transcriptional ([@B52]), suggests the transcriptional response to miRNAs may be an important, common and under-reported aspect of function. To investigate whether a prominent transcriptional response is common with miRNA perturbation, we subjected multiple datasets to EISA and found that of the 8 examined, between 27 and 73% of all gene expression changes were transcriptional (Figure [4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"}). For comparison, direct expression of the ZEB1 TF resulted in a 90% transcriptional response. Just as we had seen for miR-200c (Figure [3B](#F3){ref-type="fig"}), the nature of the transcriptionally regulated genes suggested that for many miRNAs, specific biological processes are co-ordinated within this transcriptional response (Figure [4C](#F4){ref-type="fig"}). Importantly, these processes that are being co-ordinated transcriptionally in response to the miRNA are often the same processes that the miRNA is known to regulate post-transcriptionally (see discussion for further details).

![Co-ordinated, coherent transcriptional responses are widespread in response to many miRNAs. (**A**, **B**) The relative contributions of transcriptional and post-transcriptional mechanisms in response to the expression of ZEB1 or multiple individual miRNAs are shown by scatter plots (B) (ΔE -- ΔI: ΔI) and quantitated in a bar histogram (A). The % gene expression change was calculated from among the top 10% of genes (red dots, B) that change in response to the miRNA in question. (**C**) Using the same GO-searching criteria described in Figure [3B](#F3){ref-type="fig"}, the 10 most enriched terms for each selected miRNA dataset are shown. Whether this is among transcriptionally up- or down-regulated genes are indicated.](gkz664fig4){#F4}

The implementation of EISA further allows examination of the broader mechanisms of gene regulation that occur in response to miRNA perturbation. By using EISA to separate the transcriptional and post-transcriptional response, we find that buffering between these two gene regulatory layers is extensive, with a tendency for transcriptionally upregulated genes to be post-transcriptionally suppressed (bottom right quadrant, [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), and conversely, for transcriptionally downregulated genes to be post-transcriptionally de-repressed (top left quadrant, [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). This is the case not only among direct miRNA targets, but across the entire transcriptomic response to miRNA perturbation, which collectively reinforces our conclusions that whilst the direct and strong post-transcriptional targeting of key genes is a prominent feature of miRNA function, and is the focus of most miRNA literature, these events happen alongside co-ordinated transcriptional modulation and within a broader context of extensive homeostatic buffering. We also note for several miRNAs (such as miR-200c), a subset of genes are clearly inhibited through both gene regulatory layers ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}, bottom left quadrants), indicating co-ordinated actions where indirect transcriptional responses reinforce direct post-transcriptional gene suppression. Collectively, these observations suggest that indirect transcriptional effects are fundamental to the roles that miRNAs play and demonstrate the importance of taking into account these indirect effects.

DISCUSSION {#SEC4}
==========

In this study, the application of EISA reveals the importance of assessing the indirect effects of miRNAs on transcription. The overarching concept of a transcriptional response to miRNAs is expected as there are numerous reports of miRNA: TF co-regulatory relationships, and global disruption of miRNA biogenesis (Dicer knockout) results in a majority transcriptional response ([@B52]). What is unexpected however, is the magnitude of the transcriptional response that occurs even after the perturbation of single miRNAs, and that the nature of genes that are co-ordinated at the transcriptional level appear to explain many aspects of the function of the miRNA itself. This is demonstrated with regard to miR-200c and the enforcement of an epithelial phenotype (Figure [3](#F3){ref-type="fig"}, [Supplementary Figures S2](#sup1){ref-type="supplementary-material"}, S3) and more widely implied for other miRNAs (Figure [4](#F4){ref-type="fig"}). For example, genes associated with cell cycle control at the G1 checkpoint were prominently over-represented among transcriptionally down-regulated genes in response to miR-137. The induction of G1 arrest by miR-137 has been widely reported ([@B53]), though in each case (as in typical in miRNA studies), the mechanistic explanation for the observation has been attributed to individual genes (AEG1 ([@B54]), Cdc42 ([@B55]), SRC3 ([@B58]), ESRRA ([@B57])) directly targeted by miR-137 post-transcriptionally. The same is true of the transcriptional downregulation of genes associated with BMP/TGF-β signalling in response to miR-1343 ([@B59],[@B60]). Interestingly, of only three publications involving miR-1343, two detail an effect on TGF-β signaling, with the only mechanistic explanations to date involving direct, post-transcriptional targeting of SMAD2 and SMAD3 ([@B60]). Together, these results suggest that often the indirect transcriptional effects comprise an unexpectedly large fraction of the coordinated functional impact of miRNAs.

The repertoire of gene regulatory mechanisms is extensive and there are now various reports characterising transcriptional and post-transcriptional regulation of the same gene ([@B61]), or transcriptional and post-transcriptional regulation of downstream processes initiated by a single protein ([@B62]). On a broader scale, the co-ordination of transcription and co-transcriptional processes such as alternate splicing, 5′-capping and 3′-end formation are also established as they are both spatially and temporally coupled ([@B65]). Although our observations are conceptually similar, the functional linkage of transcription and post-transcriptional mRNA stability that we find, despite occurring in separate cellular compartments, suggests a level of 'cross-talk' between gene regulatory arms which is only now starting to become appreciated in light of the methodological improvements required to perform such analyses. Examples of new insights afforded by such advancements is a recent report showing that during circadian oscillations, only a subset of genes that are rhythmically expressed are themselves rhythmically transcribed, suggesting an important post-transcriptional contribution ([@B70],[@B71]). Similarly, co-ordinated transcriptional and mRNA stability effects occur within the Ataxia Telangiectasia Mutated (ATM)- and p53-regulated ionising radiation response ([@B72]).

Our observations here indicate that a strong transcriptional component is seen across all miRNA perturbation datasets examined (Figure [4](#F4){ref-type="fig"}), including where endogenous miRNAs have been inhibited, and that this transcriptional response is both a prominent driver of phenotypic outcomes, and a major component of a broad transcriptomic buffering response that is pervasive throughout the transcriptome in response to miRNA expression. ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Widespread transcriptional buffering however is not universal, as demonstrated by miR-137 expression ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Whilst the reasons for this are not definitive, it is noteworthy that among the miRNAs examined, miR-137 is not encoded within a polycistronic cluster. Hence, the expression of miR-137 is less likely to lead to prominent effects on the expression of other clustered miRNAs with which it is typically co-expressed, as occurs with the upregulation of miR-200c for example, where the suppression of ZEB would de-repress not only endogenous miR-200c, but also the four other clustered miR-200 family members ([@B39]). Gene expression effects (we speculate) may therefore not be as easily potentiated across the post-transcriptional regulatory landscape by the manipulation of isolated miRNAs such as miR-137.

These conclusions are made possible through the implementation of EISA, though other methodologies are available to specifically examine the rate of transcription including Nascent-Seq ([@B68],[@B69],[@B73]), whereby newly transcribed RNAs are co-purified with transcription complexes, global-run on sequencing (GRO-Seq) ([@B74]), in which nascent transcripts are identified through their incorporation of nucleotide analogs, and nuclear fractionation to enrich for new transcripts prior to their export into the cytoplasm ([@B75]). A great benefit of EISA is that it allows this information to be extracted from existing sequencing datasets, provided they are of sufficient depth, and does not require implementation of difficult and specialist protocols that themselves may introduce additional biases. Further, the additional benefit that other methods do not natively provide is the simultaneous inference of post-transcriptional regulation levels, which is particularly useful for miRNA research where identification of putative direct targets is often left to computational prediction alone.

Critical to the success of EISA is the assumption that the measurement of intronic sequencing reads offers an accurate measure of nascent transcription. Several lines of evidence support this: Firstly, there is no evidence of independent intronic transcriptional units using methods that specifically profile nascent transcription ([@B76]). Secondly, intronic and exonic reads were correlated for genes that are transcriptionally targeted, yet as expected, only post-transcriptional regulation was observed for genes targeted by transfected siRNAs ([@B22]). Thirdly, EISA-associated intronic reads are highly associated with histone modifications (Figure [1](#F1){ref-type="fig"}, ([@B22],[@B52])) that themselves are effective markers of transcriptional activity ([@B77],[@B78]). This provides strong experimental support for the interpretation of EISA on a global scale, though it remains true that at the single gene level, alternate splicing or non-coding RNAs could cause misinterpretation of the intronic signal without further investigation.

Since publication of the methodology ([@B22]), EISA has been utilised to probe the gene regulatory mechanisms in response to the knock-down of specific genes ([@B79]), drugs or other extracellular stimuli ([@B83]), circadian rhythms ([@B86]) and developmental processes ([@B87]), or to assist with the identification of direct miRNA targets from complex sequencing datasets ([@B37],[@B52]). This work provides a further demonstration of EISA's capacity to offer insight into gene regulatory mechanisms, being used in this case to reveal the co-ordinated, complementary activities of the transcriptional and post-transcriptional gene regulatory arms in Epithelial--Mesenchymal and Mesenchymal--Epithelial Transitions.

It is noteworthy that although EGFR signalling pathway genes were strongly post-transcriptionally downregulated in response to miR-200c (Figures [2A](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}), a parallel post-transcriptional upregulation was not noted among the ontologies that were enriched within TGF-β driven EMT (Figure [3B](#F3){ref-type="fig"}). Upon closer examination, we see that almost all of the miR-200c responsive genes within this pathway were post-transcriptionally up-regulated after TGF-β treatment, however most did not rise to a level of upregulation sufficient to place them in the top 5% of TGF-β regulated genes (the cut-off used in Figure [3B](#F3){ref-type="fig"}). Hence, this signalling pathway was not identified as being enriched in the TGF-β response. One possible explanation is that although signalling downstream of EGFR is one of the major pathways regulated by miR-200c, miR-200c is but one of multiple miRNAs that are regulated in response to TGF-β, and this response is swamped amongst the plethora of other gene regulatory events that occur, at least at the timepoint at which the experiment was conducted. The capacity to look in granular detail at such gene regulatory responses showcases the insight made possible by using EISA and allows us to conclude that whilst TGF-β driven EMT and miR-200c driven MET have clear parallels, they are not merely identical and opposite switches.

To be clear, our findings do not imply that miRNAs are not important post-transcriptional regulators. Indeed, we use EISA to identify extensive, direct post-transcriptional targeting of the EGFR-signalling pathway by miR-200c (Figure [2](#F2){ref-type="fig"}), noting particularly strong suppression of EGFR-regulators including DCBLD2 ([@B88]), ERRFI1 ([@B89]) and PTPN12 ([@B90]). Instead, we argue that in addition to direct post-transcriptional regulation, miRNAs exert many of their roles indirectly, via key targets (TFs) that themselves exert network-wide regulatory effects, co-ordinating transcriptional responses of groups of functionally related genes that serve as effectors of miRNA function. MiRNA: TF motifs, which are over-represented within genetic networks ([@B9],[@B10],[@B91]), are ideally suited to elicit rapid and profound changes to gene expression as transcripts encoding TFs are generally lowly expressed, TF mRNAs and proteins often have short half-lives and the transcriptional response to changing levels of TFs is rapid ([@B94]). The conclusions we draw further demonstrate the importance of considering 'indirect' effects, which are central to miRNA function but can be ignored if direct targets are the sole focus. Our study highlights the power of EISA for analysing both levels of regulation, separately yet simultaneously.
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